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Abstract
This paper presents robotic assembly of aircraft engine components that cannot be assembled using traditional robotic assembly methods. The
reason for this is uncertainty in shape and dimensional accuracy due to imperfections in the preceding manufacturing processes. In addition, the
aircraft engine components are designed as complex geometry thin shell parts that are compliant in certain directions, resulting in assemblies
which cannot meet manufacturing tolerances without forcing the components into shape and position. We present a solution to the problem using
two real-time controlled industrial robots and a high accuracy laser triangulation sensor in a closed loop alignment process.
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1. Introduction
Robotic assembly of aerospace structures is a challenging
task as the components tend to be large and of light weight,
and there are strict tolerances. As the production batches are
relatively small, the drive for robotic automation has not been
as strong as in e.g. the automotive industry. Robotic solutions
for preprogrammed drilling, riveting, assembly, painting and
inspection are currently commercially available for the produc-
tion of aerospace systems. Still there are unsolved robotic tasks
in aerospace production that will require a larger extent of sen-
sor feedback for adjustments due to uncertainties and inaccura-
cies. Such sensor-based control systems for robots are becom-
ing feasible due to the recent developments in industrial robot
control systems [1,2], and the strong development in robot con-
trol systems in research labs [3,4]. This makes it possible to
implement new and advanced solutions for robotic solutions in
aerospace assembly operations.
Robot force-control is a well-established technique [5]
which have been used for advanced applications in aerospace
production. This includes robotic drilling with force feedback
where the objective is to clamp the tool to eliminate sliding and
deformations eﬀects while drilling [6], and force control for
robotic drilling and riveting where the two parts are compressed
together with more than 1000 N to achieve stable drilling [7].
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Fig. 1: GEnx Turbine Rear Frame.
Robotic force control for the assembly of a ﬂexible aircraft
structure was reported in [8] where force control was used in the
constraint-based task speciﬁcation framework of [9] for align-
ment of a semi-compliant rib with multiple surfaces.
In addition, non-contact sensors have been used for the cor-
rection of preprogrammed robot assembly operations. A sys-
tem for robotic assembly of fabricated aero-engine components
is presented in [10]. The system is based on a combination
of non-contact metrology systems and mathematical models
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which makes it possible to compensate for deformation in the
fabricated components, thereby reducing the reliance on ﬁxtur-
ing, and ensuring ﬂexibility and re-conﬁgurability of the sys-
tem. The authors point out that the automated assembly of aero-
engine structures has been limited so far due to the variability
of the components as a result of previous manufacturing pro-
cesses, and that improved sensor systems are needed to com-
pensate for deformation and misalignment of mating parts. The
paper [10] also cites other works on robotic applications in the
aerospace industry where there is signiﬁcant interest in adopt-
ing external metrology systems to improve the capability of the
robotic systems.
Assembly operations with non-rigid components that need
correction to meet assembly tolerances can be characterized as
compliant assemblies [11,12]. A sense-act method is described
in [11] where the aim is to reduce the variation in compliant
assembly. In this method each component is positioned and
ﬁxed in its nominal position. Then the components are mea-
sured and the dimensional problem is decomposed into a rigid-
body displacement and a compliant deformation from the nom-
inal shape. The required tooling adjustment is then applied to
the extent that it is feasible given the tooling constraints and the
components to be assembled. It is noted by the authors that the
tooling adjustment algorithm depends on accurate determina-
tion on the required adjustment to minimize the total deviation
of the assembly. An improvement to this can be achieved with
feedback control, which is the method we propose in the present
paper.
This paper presents a robotic system for assembly of air-
craft engine components using a closed-loop alignment process
based on the use of laser triangulation. The engine part that is
studied is the Turbine Rear Frame (TRF) of the General Elec-
tric GEnx aircraft engine series, as shown in Fig. 1. The TRF is
mounted after the turbine and contains engine mounts and bear-
ings for the rotating low pressure shaft [13]. The TRF is assem-
bled from three types of components that are thin shell cast and
cold-forged. These components have complex geometry, and
does not have the required accuracy in shape and dimension for
robotic assembly with pre-programmed motions. This is due
to eﬀects like shrinkage in the casting process and springback
eﬀects in the cold-forging process. However, the deviation in
accuracy can be compensated for during assembly as the parts
are typically compliant in the directions where the inaccuracy
is found. This means that the TRF can be assembled with the
required accuracy by forcing the components into the correct
shape. So far this has been done manually with complex ﬁx-
tures before the assembly is tack welded in the correct shape,
which is done in preparation for the seam welding. These man-
ual operations are time-consuming and costly, which motivates
the current study on how to do this automatically with robotic
operation.
An advantage of this method is that the assembly process
does not dependent on an accurate model of the deformation
of the components. Instead of calculating an adjustment in
an open-loop sense-act process, a feedback approach is used.
The alignment process presented is implemented by measuring
the oﬀset between two TRF components using a high accuracy
laser triangulation sensor, while one of the robots is in con-
tact with one of the components to manipulate its shape. The
robot system is shown in Fig. 2. The resulting system makes
it possible to assemble the components well within the deﬁned
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Fig. 2: System setup. The alignment robot is in contact with
the panel, manipulating its shape by pushing or pulling on one
of the upper corners.
manufacturing tolerances.
A previous version of the system was presented in [14]. The
previous test cell had two robots and a high-precision laser dis-
tance sensor mounted on one of the robots. The oﬀset between
the components was found with the laser distance sensor, and
the oﬀset was corrected in a sense-act process, which was re-
peated until the oﬀset distance was within a certain tolerance.
The present solution leads to a faster adjustment cycle due to
the feedback control solution.
The paper is organized as follows. Section 2 presents the
equipment used and the developed system in detail. Section 3
presents the experimental results. Section 4 concludes the paper
and presents further work.
2. System overview
The hardware of the presented system consists of two indus-
trial robots, a laser-triangulation sensor and a ﬁxture. The phys-
ical setup is shown in Fig. 2. The following sections presents
the system in detail.
2.1. Industrial Robots
The industrial robots used in the system are Nachi Fujikoshi
SC15F-2 robots equipped with AX-series robot controllers. An
Olimex SAM9-L9260 single board computer (SBC) is installed
between the high and low level controller. The SBC intercepts
the communication and provides a position control interface
over UDP, with a control frequency of 100 Hz.
2.2. Laser Triangulation Sensor
The laser triangulation sensor system was mounted on one
of the two robots used in the experiment. The laser line module
was a ZLaser 100 mW laser with a wavelength of 660 nm and a
cylindrical lens with a fan angle of 45◦. The camera was a Au-
tomation Technology C4-2040-GigE camera with a GeniCam
interface. The laser line peak positions are evaluated and con-
verted into high resolution (1/64 pixel) height proﬁles on board
the camera. The camera is equipped with 90 dB dynamic range
with the possibility of performing High Dynamic Range imag-
ing, which makes it possible to measure on diﬃcult areas of the
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TRF components. The maximum proﬁle output speed is 340
Hz with a full frame image of 2048x1088 pixels, which can be
increased with a smaller region of interest. The camera is set
up to also output the corresponding intensity data.
2.2.1. Camera and laser calibration
The intrinsic parameters of the camera was calibrated using
the Camera Calibration Toolbox for MATLAB [15]. The sys-
tem was implemented using the OpenCV library [16].
The extrinsic parameters of the camera was found using a
3-plane calibration object of known dimensions and an imple-
mentation based on the method presented in [17]. The cali-
bration method estimates the homography matrices Hi=1,2,3 be-
tween the image plane and the three planes on the calibration
object. These matrices combined with the known plane heights
maps points in the normalized image plane, xi = (xi, yi), to the
corresponding 3D points, Pi = (Xi, Yi, Zi), on the calibration
object. The laser plane, which is given in terms of a point P0
belonging to the plane and a normal vector n, was then found
by projecting the laser line on the calibration object, recording
the normalized image plane coordinates and calculating the 3D
points of the laser line onto the calibration object. Then the
parameters of the plane were found from the 3D points of the
plane using orthogonal distance regression and singular value
decomposition using the following equations:
Pi = (Xi, Yi, Zi)
P0 =
1
N
N∑
i=1
Pi
A = (P1 − P0, . . . , PN − P0)T
A = USVT .
Finally, the normal of the plane n is found as the last column
of V.
2.2.2. 3D reconstruction using laser and camera
The 3D coordinates of the laser line are reconstructed from
the normalized image coordinates. Let Pc be the position of the
camera center expressed in the object frame, then (P0 − Pc) · n
is the distance from the laser plane to the camera center. Let l
be the unit vector from the camera center to a point on the laser
line. Then the distance ρ from the camera center to the point P
on the laser line is given by
ρ =
(P0 − Pc) · n
l · n
P = ρl + Pc, (1)
where P is given in object coordinates.
2.3. Trajectory Generation
The trajectory generator used in the system is a operational
space velocity generator. A 6-DOF twist vector, expressed in
the base frame is computed in each control cycle and the cor-
responding motion is executed by the robot system until a con-
ﬁgurable timeout. The timeout used in the system is 0.01 s,
corresponding to the control frequency of the robots.
Real-time trajectory generation was performed using the Py-
MoCo software package [18]. PyMoCo is a software package
for external real-time trajectory generation for industrial robots,
and is entirely implemented in Python. The framework is suited
for applications with a control frequency up to 100 Hz, compu-
tational deadlines no shorter than some milliseconds and jitter
tolerance at the order of a millisecond.
2.4. Oﬀset Measurement
The oﬀset measurement consists of two main steps: 1) Weld
seam detection. 2) Oﬀset computation.
2.4.1. Weld Seam Detection
The weld seam detection is based on ﬁnding the same edge
in the laser line position data and the corresponding intensity
data. The implemented algorithm are based on standard edge
detection techniques: Filtering, calculation of derivative, ex-
trema detection and thresholding.
The image coordinates (u, v) are given in pixels. The cam-
era is aligned with the laser so that the laser line is nominally
in the u direction. The oﬀset between the two aircraft engine
components is computed from the position v = v(u) of the laser
line. The intensity of the laser line is denoted I = I(u). The
laser line peak positions and the corresponding intensity data
are both one-dimensional arrays. The weld seam position is
denoted uw.
Filtering. The laser line peak positions v had a very high sig-
nal to noise (SNR) ratio, and was ﬁltered using a median ﬁlter
to remove any shot noise from the signal. A median ﬁlter was
selected as it is often referred to as having better properties than
linear ﬁlters for removing noise in the presence of edges [19].
The median ﬁltering was performed using a kernel size of 3.
The ﬁltered laser line peak positions is shown in Fig. 3a. The
ﬁltered laser line peak position signal is denoted v∗ in the fol-
lowing sections.
The corresponding intensity data I had a lower SNR than v
and was ﬁltered using a median ﬁlter with a kernel size of 15.
The resulting intensity signal is shown in Fig. 3b. The ﬁltered
laser line intensity signal is denoted I∗ in the following sections.
Find Derivative. The ﬁrst derivative of v∗ was found by convo-
luting v∗ with the diﬀerentiation kernel Dx =
[
−1 0 1
]
,
∂
∂u
v∗ = v∗u = Du ∗ v∗.
This method was selected due to the low SNR, as well as result-
ing in large magnitude peaks ensuring robust peak detection in
the next stage of the weld seam detection.
Convolution of the median ﬁltered I∗ using just the diﬀer-
entiation kernel performed badly, due to the presence of Gaus-
sian noise in the signal [19]. The 1st order Gaussian derivative
kernel, Gσ,x, was selected instead due to its signal smoothing
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properties.
Gσ,x =
1√
2πσ
exp
(−x2
2σ2
)
∂
∂x
I∗ = I∗x = (Dx ∗Gσ,x) ∗ I∗.
A kernel with a standard deviation ofσ = 3.0 was used in the
experiments. A sudden drop in the intensity at the weld seam
position is seen in Fig. 3b. This drop in intensity resulted in
a large magnitude peak ensuring a stable weld seam detection
even when the oﬀset between the two components was very
small, resulting in small to non-existent peaks in v∗u. Correct
weld seam position detection is critical as the robot is in contact
with the components and an erroneous movement may lead to
component and equipment failure.
Find Extremas and Threshold. The maximum and minimum of
the ﬁrst derivative of the signals were found by iterating through
the signals looking for values which were surrounded by lower
or larger values. A look ahead from the peak candidate was
used to distinguish between actual peaks and signal jitter. A
threshold value speciﬁed the minimum diﬀerence between a
peak and the following points.
2.4.2. Oﬀset Computation
Once the weld seam position uw was found, using the algo-
rithm in the previous section, we were able to ﬁnd the physical
oﬀset δ using the diﬀerence in v∗ on each side of the weld seam.
First a 1st degree polynomial pl(u j) = a1u j + a0 was ﬁtted
to the data points to the left of the weld seam. This was done
using a least squares ﬁt minimizing the error
E =
uw+ustop∑
j=uw+ustart
|p(u j) − v∗(u j)|2
Here ustart and ustop were chosen so that the polynomial was
ﬁtted to a smooth segment of the signal, and to reduce possible
noise at the weld seam area due to reﬂection on the edges of
the components. The same procedure was then performed on
the data points to the right of the weld seam, resulting in the
polynomial pr(u j).
The two acquired polynomials were then used to calculate
the physical oﬀset δ between the two aircraft engine compo-
nents by evaluating pl and pr at the weld seam uw and using
these points as input to Eqn. (1) resulting in Pl and Pr.
δ = ‖Pr − Pl‖
2.5. Alignment Correction Controller
As explained in the introduction, previous solutions have
been implemented with a sense-act solution where alignment
errors have been measured, then a correction has been done
based on a calculated increment computed from a model [10],
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(a) Full frame image with laser line before adjustment, with the maximum in the
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(b) Corresponding intensity data of laser line with the minimum in the ﬁrst
derivative found at uw = 958.
Fig. 3: Weld seam detection
or with an increment using a ﬁxed step size [14]. This is typi-
cally done iteratively where a new measurement has been made
after the correction is completed, and new corrections are made
until the required accuracy is achieved. This will be time-
consuming and may lead to excessive stress on the structure.
We therefore propose a new solution where we use contin-
uous feedback from the alignment measurement. This leads to
faster execution and better control of the correcting action. It
turns out that proportional feedback control is well suited for
the problem. The output of the proportional controller is the
operational space velocity x˙d, so that
x˙d =
[
υx υy υz ωx ωy ωz
]T
=
[
υx 0 0 0 0 0
]T
,
where the physical conﬁguration of the system is so that the
alignment direction is in the x direction of the base frame of the
alignment robot. The proportional controller is given by:
υx = Kpδe = −Kp(δ − δd), (2)
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Fig. 4: The block diagram of the feedback controller shows the proportional feedback controller with feedback from the alignment
error δe which is measured with a camera. The control variable is saturated with the sat(·) function to limit the commanded
velocity x˙d.
where υx is the commanded correction velocity in the x direc-
tion.
One modiﬁcation of the feedback controller is required to
avoid excessive velocity in the correcting motion. This is done
with a saturation on the velocity υx generated by the feedback
control. The resulting controller is:
sat(υx) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
υmax if δe > δthrs
Kpδe if −δthrs ≤ δe ≤ δthrs
−υmax if δe < −δthrs
,
where the parameters of the saturation function are related by
the equation
υmax = Kpδthrs (3)
The desired oﬀset δd was based on the manufacturing tol-
erances of the assembly. This controller gives fast and stable
alignment, and will not exceed the physical limits of the align-
ment robot or the components.
A block diagram of the alignment correction controller is
shown in Fig. 4.
The trajectory generator was, as mentioned, a operational
space velocity controller. The controller was based on an Jaco-
bian inverse control scheme which computed the desired joint
position vector qd. The robot executes the motion resulting in
a change in the current robot position x, and thus also a change
in the physical oﬀset δ between the components.
3. Experimental results
A series of experiments were performed to verify the capa-
bility of the developed system.
Good results were obtained with the feedback controller
when the maximum correction velocity υmax was set to 1 mm/s,
which was found to be a good compromise between speed of
execution and the need for limiting the risk for collisions and
high stress on the structure. The feedback gain was selected
to be Kp = 1, which gave a exponential convergence of the
alignment error with a time constant of 1 second. The resulting
threshold value was then found from Eqn. (3) to be 1 mm.
The results from the weld seam detection method for one of
the experiments are shown in Fig. 3. It is seen that the weld
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Fig. 5: The upper curve shows an enlarged detail of Fig. 3a
showing the jump in the laser line position signal v∗ due to the
misalignment before the correction. The lower curve shows the
same enlarged detail after the correction has been completed.
The error in alignment was compensated from an initial error
of δstart = 6.94 mm to a ﬁnal error of δstop = 0.12 mm, which is
well within the manufacturing tolerance.
seam was successfully located from the laser line peak position
data v∗ and the corresponding intensity data I∗. The weld seam
was found at uw = 958 in both signals.
The results from the oﬀset computation are shown in Fig. 5.
The parameters of the polynomial ﬁtting were set to ustart = −75
and ustop = 5 for the polynomial ﬁt to the left of the weld seam,
and ustart = 5 and ustop = 125 for the right side of the weld seam.
The limits are not symmetrical due to physical diﬀerences on
the two components to be aligned, as seen in Fig. 3a. The oﬀset
computation proved to be stable during the whole alignment
process in all experiments.
Fig. 6 shows the plot of the output of the proportional con-
troller as well as the corresponding operational space velocity.
The initial oﬀset was δstart = 6.94 mm. The ﬁnal oﬀset after
alignment was δstop = 0.12 mm The parameters υmax and δthrs
were selected so that the transition from maximum to propor-
tional velocity was as smooth as possible.
The precision of the ﬁnal alignment are a direct result of the
resolution of the camera and the control resolution of the robot.
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Fig. 6: Output of the proportional controller and corresponding
operational space velocity υx. In this experiment the feedback
gain was selected to be Kp = 1, the maximum velocity was
set to υmax = 0.001 mm/s, and the oﬀset threshold was set to
δthrs = 0.001 mm.
4. Conclusions and further work
A system for closed-loop alignment of complex geometry
aircraft engine components has been presented. The system has
been experimentally validated and is able to align two com-
ponents in a closed-loop compliant alignment process with an
accuracy of 0.12 mm using a laser triangulation sensor and a
real-time controlled industrial robot. The system was shown to
be capable of aligning the components well within manufactur-
ing tolerances.
Further work will include global analysis of the weld seam
alignment process using in-process 3D-scans of the compo-
nents and the weld seam, resulting in optimal placement and
alignment oﬀset of each area to be welded. The work will also
be extended to include force control.
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